The relevance of transglutaminases with neural function and several disorders has been emphasized recently. Especially, many polypeptides associated with neurodegenerative diseases are suggested to be putative transglutaminase substrates such as amyloid protein of Altzheimer's disease, microtubule-associated proteins and neurofilaments, etc. In addition, the CAG repeated gene products with probable polyglutamine tract, putative transglutami-nase substrates, were identified in several neuro-degenerative disorders. However, the identity of the brain transglutaminase has not been confirmed, because of enzymic stability and low activity. In the present experiment, we have isolated brain-specific transglutaminases, designated as TGase NI and TGase NII, which are different from other types of transglutaminases in respects of molecular weights (mw. 45 kDa, 29 kDa respectively), substrate affinity, elution profile on ion-exchange chromatography, sensitivity to proteases and ethanol, and immuno-logical properties. The enzymes were localized specifically in the brain tissues but not in the liver tissue. And neural cells such as pheochromocytoma cell, glioma cell, primary neuronal and glial cells were shown to be enriched with TGase NI and TGase NII. The possible biological roles of the enzymes were discussed not only on the aspect of crosslinking activity but also of signal transducing capacity of the enzyme in the brain. K e y w o r d s : TGase NI, TGaase NII, brain, rat, localization
Introduction
The transglutaminases (TGase), protein crosslinking enzymes, has been suspected to be associated with the pathogenesis of neurodegenerative diseases, notably of Altzheimer's disease, where the crosslinkings of neurofilaments (Selkoe et al., 1982) , microtubule-associated tau proteins (Dudek and Johnson, 1993) or amyloid β protein (βA 4 ) (Ikura et al., 1993, Rasmussen et al., 1 9 9 4 ) were probably involved. And the recent findings that TGase-mediated formation of cytokine dimers such as interleukin 2 (Eitan and Schwartz, 1993) and midkine (Mahony et al., 1996) could affect the neuronal function suggest strongly the significant roles of the enzyme in brain.
Moreover, it was found that Huntington's disease and several other neurodegenerative disorders are associated with CAG repeat expansion encoding a polyglutamine tract (Ross, 1995) . The glutamine residue can be possibly involved in formation of cross-linked supramolecular structure both within and between proteins through reactions catalyzed by TGase. R e l e v a n t l y, it would be natural to assume the participation of the enzyme in the pathogenesis of neurodegenerative disorders.
In addition, the enzyme has GTP-binding and GTPase activity (Lee et al., 1989) , related with signal transduction system as Gh protein between α 1 adrenergic receptor and phospholipase C, influencing the neural functions (Nakaoka, 1994 , Whang et al., 1995 . Therefore, the regulation of TGase activity either as a crosslinker or as a signal transducer would be very important in functional, developmental and pathogenetic aspects of nervous system.
The presence of transglutaminase C (TGase C) in the brain has been suggested but debated because of low activity and poor evidence of identity. Possible existence of other types of TGase has been implied from the studies of tetanus-toxin activatable synaptic TGase (Facchiano et a l . , 1993) , substrate-specificity to IL-2 (Schwartz, 1993) , and acetylcholine receptor aggregation (Hucho and Bandini, 1990) , which showed a quite distinct property different from TGase C. Therefore, it is necessary to investigate the identity and properties of brain TGase. In the present study, we tried to isolate and characterize TGases from rat brain tissues and to elucidate their distribution. [1,4- 14 C] putrescine hydrochloride (118 mCi/mmol) was purchased from Amersham Corp.; Phenylmethyl sulfonyl fluoride, aprotinin, dansylcadaverine and dithiothreitol from Sigma; benzamidine hydrochloride from Aldrich; dispase, proteinase K, trypsin, chymotrypsin and leupeptin from Boehringer Manheim; Q-sepharose, DEAE-sephacel, CM cellulose from Pharmacia Fine Chemical Co. Other chemicals of analytical grade were obtained from the local commercial sources.
Materials and Methods

Materials
Methods
TGase assay
A modification of a published assay (Folk and Chung, 1985) was used. Reactions were conducted at 37˚C in 0.5 ml of 0.1 M Tris acetate buff e r, pH 7.5, containing 1% dimethylated casein, 1 mM CaCl 2 , 0.5% Lubrol PX, 5 mM DTT, 0.15 M NaCl, 0.5 μCi of [1,4-14 C] putrescine, and 50 μl portions of enzyme solution. Assays were carried out for 1 h and were terminated by the addition of 4 ml of cold 7.5 % trichloroacetic acid. After 30 min in the cold, the precipitates were collected on GF/A glass filters (Whatmann) and washed with several 30 ml portions of 5% trichloroacetic acid. The radioactivity was measured in a Beckman liquid scintillation spectrometer. Enzyme activity is expressed as cpm incorporated/h.
Preparation of TGase from rat brain
The brains were collected from 100 heads of SpragueDawley male rats, which were homogenized in buffer A (50 mM Tris-acetate, 1 mM EDTA, l mM PMSF, 1 mM benzamidine, 2 mg of leupeptin and 200 trypsin inhibitor unit of aprotinin/liter, pH 7.5) by polytron homogenizer (Brinkman Instruments). The homogenate was centrifuged for 1 hour at 10,000 g and 4˚C. The supernatant was filtered by cheese cloth. The filtrate was subjected to sequential column chromatography and gel filtration. The samples were loaded on DEAE-Sephacel column ( 7 . 5 14 cm), equilibrated with buffer A. The fractions with high transglutaminase activity eluted by NaCl concentration gradient from 0 to 1.0 M were combined. The combined fractions after dialysis against buffer B (50 mM Tris-acetate, 1 mM EDTA, pH 7.5) were loaded on CM-cellulase column ( 3 . 2 15 cm). When the CMcellulose column was eluted with Buffer B, the enzyme activity was found in the washing fractions. The pooled enzyme fractions were dialyzed against Buffer B, and loaded on Q-Sepharose column (2.6 10 cm). The loaded enzyme fractions on Q Sepharose column were eluted by NaCl concentration gradient from 0 to 0.6 M. The two peaks of the enzyme activity were separately pooled and were subjected to 2nd Q-sepharose column c h r o m a t o g r a p h y, respectively. The enzymic fractions after 2nd Q-sepharose column were concentrated, separately by Amicon conflow 10, which were designated as NI and NII fractions. The concentrated samples were dialyzed against buffer A, which were subjected to FPLC gel filtration (Waters Co.). T h e samples were eluted with Buffer C (50 mM Tris-acetate, 1 mM EDTA, 0.15 M NaCl, pH 7.5) using Glass SW 300 gel filtration column. The fractions of high enzymic activities were collected and concentrated in Amicon conflow 10.
Properties of the enzyme
The biochemical characteristics of the enzyme fraction NI and NII were studied for K m value toward putrescine, and Ca 2 requirement. For the sensitivity to protease, batches of TGase NI and NII were incubated with 0.2 units of dispase (Boehringer-Mannheim)/ml of Tr i s -a c e t a t e b u ffer (pH 7.5, 0.05 M) or with trypsin in a similar manner. The sensitivity of the respective enzyme to ethanol was determined by addition of ethanol to the reaction mixture during the incubation time.
Antibody preparation
Antibodies to purified TGase NI or NII were prepared in rabbits. The enzyme (0.1 mg in 1 ml PBS) was emulsified with an equal volume of Freund's complete adjuvant and administered intramuscularly at the area near the foreleg lymph nodes. The same procedure was followed 2 weeks l a t e r. After two additional weeks, emulsified antigen solution composed of 0.1 mg of enzyme in 1.0 ml PBS and an equal volume of Freund's incomplete adjuvant was administered in a similar fashion. The rabbit was bled 2 weeks after the last injection and the antiserum was stored at -20˚C.
Immunoblot analysis
Protein samples were transferred electrophoretically onto nitrocellulose strips. These nitrocellulose strips were saturated with 3% gelatin in 20 mM Tris, pH 7.4 containing 0.5 M NaCl by incubation for 1 h at room temperature. The strips were then washed with this buffer containing 0.05% Tween 20 and incubated overnight with immunoglobulin in a 1% gelatin solution. The strips were washed with the Tween-containing buffer and further incubated for 1 hr with horse radish peroxidase-conjugated protein A (Bio-Rad) (1:2000 dilution). The strips were washed again with the Tween-containing buff e r, and the blots were developed for 2-15 min with a 4 chlor-1-naphthol/ hydrogen peroxide reagent. After the completion of the reaction, the strips were washed with distilled water and photographed.
Immunocytochemical analysis
For the immunocytochemical analysis, the midbrain was dissected out from the fetal brain of 15 days of pregnant rat. The nerve cells were collected by centrifugation and pipetting procedure, which were cultured in DMEM/F12
(1:1) medium including 10% FBS, 2 mM glutamine, 50 IU/ml penicillin and 50 μg/ml streptomycin. The 10,0002 0,000 cells were cultured on Aclar coverslip. To inhibit the growth of astrocyte, the defined media without FBS was used. After 20 hours of incubation, the media was shifted to FBS-free media but containing 20 μg/ml insulin, 100 μg/ml transferrin, 20 mM selenium, 0.1 M putrescine, 1 mM pyruvate, 2 mM glutamine, 50 μg/ml penicilline, 50 μg/ml streptomycin and 0.5% glucose. PC12 and C6 glioma cell lines were maintained in 10% FBS-DMEM. All the plastic dishes were coated with poly-L-lysine (10 μg/ml). After culture, the cells were fixed for 30 minutes with 4% paraformaldehyde and washed twice with PBS buffer. Sections were then incubated for 45 min with l : 100 dilution of rabbit polyclonal antiTGase NI, antiTGase NII or antiTGase C antibody, respectively. The slides were washed in PBS and incubated with a second antibody consisting of biotin-conjugated swine antirabbit immunoglobulin (LSAB kit, DAKO) and normal swine serum for 30 min, followed by a TBS wash. Finally, the sections were incubated with HRP-conjugated avidin biotin complex (ABC complex). Antibody localization was performed using diaminobenzidine reaction. Negative controls consist of substitution of primary antibody with non-cross reacting rabbit serum.
Results
Enzyme isolation from rat brain
By the sequential treatments of homogenization, chromatography on DEAE-Sephacel, CM-cellulose, double Q-sepharose and the final FPLC gel filtration, the transglutaminase activities from rat brain tissues had been found in two different fractions. The salt gradient on DEAESephacel chromatography eluted the major TGase activity at 0.35 M NaCl, while minor faction at 0.28 M NaCl. After dialysis of the combined fractions, pH of the mixture was adjusted to 6.0 to eliminate other denatured proteins by centrifugation. The CM-cellulose chromatography indicated the elution profile of the enzymic activities in the washing fractions, indicating the low pI value of the brain TGase. After Q-sepharose chromatography, the enzymic activities were observed to be eluted at 0.28 M and 0.35 M of NaCl concentration (Figure 1 ). The respectively pooled fractions were designated as TGase NI with lower NaCl elution profile and TGase NII with higher NaCl elution profile fraction. Each fraction was again purified by FPLC gel filtration, which was concentrated by Amicon conflow 10.
Brain-specific transglutaminases Figure 1 . The elution profile of TGase activity through Q-Sepharose column chromatography. The enzyme preparation purified up tp first Q-Sepharose column chromatography was dialyzed against buffer B, and was rechromatographed on the same column. Two peaks of enzyme activity were separated and they were designated as NI and NII. Closed dotted line indicates the enzyme activity and broken line for NaCl concentration. TGase activity was measured according to the method describe in Material and Method. 
Enzyme properties
The purified enzyme was very labile, though its purification fold was approximately 200 fold to the control homogenate, it was very difficult to stabilize the enzymic a c t i v i t y, of which TGase NII lost its activity completely after two week storage at 4˚C. The activity staining by dansylcadaverine fluorescence illustrated the TGase activity in the respective protein bands, confirming the enzymic fraction (data not shown). The molecular weights of the enzyme were estimated by SDSpolyacrylamide gel electrophoresis to be 45 kDa for TGase NI and 29 kDa for TGase NII with a minor additional 80 kDa protein (Figure 2 ). But by wastern blot analysis with the respective a n t i b o d y, only the 29 kDa protein was detected in TGase NII fraction (Figure 6 ). Both TGase NI and TGase NII lost their activities by proteolytic attack either of dispase or trypsin (Figure 3 ) or thrombin (data not shown). TGase NI required 100 μM calcium for optimum activity while TGase NII did 10 μM . I n t e r e s t i n g l y, the high concentration of Ca 2 over 10 μM rather inhibited TGase NII activity (Figure 4 ). These two types of brain TGases showed different sensitivity to ethanol, that is, TGase NII was more sensitive to ethanol than TGase NI ( Figure 5 ). The K m values of the enzymes toward putrescine were 0.28 mM for TGase NI and 0.17 mM for TGase NII, indicating the high affinity of these enzymes to polyamine. The N-terminal for TGase NI and TGase NII were blocked.
Western blot analysis revealed that TGase NI and NII were present in brain tissue but not in liver tissue ( Figure  6 ). The molecular sizes of the antibody-responsive proteins in the brain homogenate were compatible with the purified enzymes, 45 kDa and 29 kDa, respectively. The antibody against TGase C could recognize the intact enzyme in the liver homogenate as well as the probable proteolytic fragment (30 kDa) of TGase C in the brain homogenate. This result suggested that the TGase NI and NII would be immunologically diff e r e n t from TGase C, and that TGase C in the brain tissue might be frag-mented.
Immunocytochemical Analysis
Immunocytochemical analysis showed that both of neuronal cells and astrocytes at 4th and 9th day of culture positively reacted with anti TGase NI, TGase NII antibodies. Both cells were also positive to TGase C antibody. But the anti-TGase NI, and anti-TGase NII antibodies showed the much stronger reaction than anti-TGase C antibody ( Figure 7) .
Anti-TGase E antibody showed the very weak but positive response in both types of nerve cells. The cell lines showed the similar pattern of TGase presence. PC12 cell showed positive reaction to anti TGase NI, NII and C antibodies, while anti TGase E antibody showed the very weak response (Figure 8 ). In case of C6 glioma cell, only anti TGase NI and NII antibodies showed the positive response, while anti TGase E and TGase C antibodies reacted negligibly (Figure 9 ).
Discussion
Five different types of TGases from the mammalian 181
Brain-specific transglutaminases Figure 7 . Immunocytochemical staining of neurons and astrocytes cultured from fetal rat brain with the subtypes of TGase. Mesencephalic neurons were cultured from 14 days-old fetal rat brain and immunostained with rabbit polyclonal antibodies specific to subtype of TGase (A, TGase NI; B, TGase NII; C, TGase C; D, TGase E) as described 'Materials and Methods'. Transglutaminase NI, NII, C were expressed in most of neurons and astrocytes, but TGE was very weakly expressed in these cells. Original magnification 200. tissues have been isolated and characterized on their genetic and biochemical properties, such as TGase 1 (keratinocyte TGase, particulate TGase, TGase K), TGase 2 (tissue TGase, liver TGase, cytosolic TGase, TGase C), TGase 3 (epidermal TGase, TGase E), TGase 4 (prostate TGase) and Factor XIII. Each enzyme has been found to be expressed organ-specifically and associated with a variety of biological processes (Folk and Cole, 1966; Takagi and Doolittle, 1974; Thatcher, 1989; Kim et al., 1990; Seitz et al., 1991) .
Recently, the probable involvement of a TGase in the neurodegenerative diseases attracted the special concern on several aspects. The devastating Altzheimer's disease might be derived from the crosslinking of the neurofilaments, microtubule-associated tau proteins, or amyloid β proteins (Selkoe et al., 1982; Miller and Anderton, 1986; Lorand, 1996) . The gene products with polyglutamine tracts whose length is determined by the number of CAG repeats could be the putative substrates for TGase, associated with Huntington's disease, spinocerebellar ataxia type I, dentarubral-phallidoluysian atrophy, spinobulbar muscular atrophy and spinocerebeller ataxia type 3 (Cariello et al., 1996; Kahlem et al., 1996) . The midkine, a highly basic heparin-binding cytokine, dimerized by a TGase can stabilize the growth factor, endowing its neurite-promoting activity amplification (Mahoney et al., 1986) . In contrast, TGase-mediated dimers of interleukin 2, unlike monomer, induce apoptosis in oligodendrocytes (Schwartz, 1993) .
These effects of TGase activity in brain disorders are assumed under the presence of the enzyme in the brain tissues, but without success in their isolation and characterization. The induction of neural apoptosis was suggested to be TGase-associated. Transfection of TGase C gene into neuroblastoma cells sensitized the retinoic acid-induced apoptosis, while that of antisense oligonucleotide to TGase C caused a pronounced inhibition (Melino et al., 1994) . Furthermore, depolarizing agents such as acetylcholine or carbachol, a muscarinic receptor agonist, caused a significant activation of a TGase in superior cervical ganglion, which might be related with nitric oxide (Nagata and Ando, 1994) . In the vicinity of acetylcholine receptor, plenty of TGase activities have been observed, probably for receptor aggregation (Hucho and Bandini, 1990) . Some of neurotransmitters were posttranslationally modified by polyamine such as substance P and β-endorphin, which inactivated the respective functions Pucci et al., 1988; Kowall et al., 1991; Persico et al., 1992) . These activities were functionally increased by n e u r o d i fferentiation and develop-ment (Maccioni and Seeds 1986, Gilad and Varon 1985) , l o n g -t e r m potentiation of memory (Friedrich et al., 1991) , a n d stimulation by gangliosides or acetylcholine (Ando et al., 1991a, b) .
H o w e v e r, most of the studies for TGase-related phenomena in brain or neural cells were carried out by use of TGase C under the assumption that it would be the brain enzyme. Actually, some characteristics of the brain TGase are similar to those of TGase C. Nevertheless, the identity of brain TGase as TGase C has not been confirmed. Several studies to isolate and characterize TGase from brain tissue or nerve cells showed a variety of enzymes, but none have been successfully isolated and characterized. From the pheochromcytoma cells, two types of TGases were suggested (Byrd and Licht 1987) , probably of TGase C-like one and TGase E-like one on the basis of elution profile, thermolability and cytosolic localization. And from human brain, erythrocyte TGase (identical to TGase C, tissue TGase)-like enzyme was characterized (Selkoe et al., 1982) .
The difficulty of isolating brain TGases might be due either to its instability or extreme low activity. In our preliminary study with electroconvulsive shock, we could observe the temporal and spatial changes in TGase a c t i v i t y, but the activity was very low and unstable to compare with those of other organs (Park, unpublished) . With aging process, the enzymic activity was increased in brain tissue, indicating the possible involvement of the enzyme in neurodegenerative changes associated with senescence (Park et al., paper submitted) In the present experiment, we also experienced the d i fficulty in maintaining the stability of the enzyme for purification. The brain TGases isolated partially in the present study, however, showed the some diff e r e n t characteristics from other types of previously known TGases (Figure 1, 2) . The sensitivities of the enzyme to proteases such as thrombin, dispase or trypsin were similar to those of TGase C but totally different from those of TGase E and Factor XIII (Figure 3) . Between TGase NI and NII, the sensitiviies to protease or ethanol and Km values toward putrescine were different ( Figure 5 ). The elution profiles from DEAE-cellulose chromatography of brain TGases were different from other TGases (Figure 1 ). TGase NI fraction was eluted at 0.35 M NaCl, while TGase NII fraction at 0.28 M NaCl. But the other TGases showed the distinct elution profiles ; TGase K, at 0.2 M NaCl; TGase C at 0.3 M NaCl; TGase E, at 0.05 M NaCl (Goldsmith and Martin, 1975; Chung, 1986; Park, 1988) . And the elution behavior of brain TGases in washing fraction from CM-cellulose chromatography indicated that the enzymes might be negatively charged. But amino acid sequence analysis could not identify the N terminal amino acids, probably because of N terminal block of the enzyme. Moreover, the immunologic properties of TGase NI and NII were distinct from TGase C, TGase E and Factor XIII. As shown in Figure 6 , antibodies to TGase NI and NII recognized the brain-specific TGases, while antibody to TGase C would detect liver TGase C and the probable proteolytic fragment of TGase C in the brain tissue. The unique tissue distribution pattern of TGase NI and TGase NII again illustrated the specificity of the enzyme as the brain TGases (Figure 6 ). TGase NI and TGase NII were localized only to brain tissue but not to liver tissue, while the amount of TGase C in brain tissue was very restricted or the enzyme could be in proteolytic form to be compared with that in liver tissue. The presence of the unique TGase in the brain tissue would attract the special concern for the role of enzyme in the neural system. In addition, the proteolytic fragment responsive to anti TGase C antibody would explain the biochemical difficulty in identification of TGase C as the brain enzyme.
The immunocytochemical analysis with the respective antibody showed that TGase NI localized at processbearing and polygonal neuronal cells of rat brain-derived primary nerve cell culture, while TGase NII localized mostly at process-bearing neurons (Figure 7, 8 and 9 ). Also in the previous studies, TGase activity was present ubiquitously in all the fractions of brain tissue, but at the synaptosomal fraction, the highest activity was detected (Gilad and Varon, 1985 , Pastuszko et al., 1986 , Korner and Bachrach, 1987 , Reichelt and Poulsen, 1992 , Campisi et al., 1992 .
In most of TGase work with brain or neural system, the crosslinking activity has been focused for its probable association with neurodegeneration and apoptosis. For that work, it is very important to identify the brain-specific TGases and to characterize their regulatory mechanism and natural physiological substrates. If the β a m y l o i d protein, microtubule-associated proteins, neurofilaments or the polyglutamine-rich neural proteins were identified to be the biological substrates for brain-specific TGases the drugs for the various neurodegenerative diseases would be developed from the specific inhibitors to brain TGases. Moreover, the TGase activity increase by tetanus or botulinum toxin was suggested to be a mechanism of neurotoxicity by blocking exocytosis of the neurotransmitters (Facchiano and Luini, 1992) , important for to development of antineurotoxic drugs.
In addition to crosslinking activity, the enzyme has some other properties such as GTP binding and GTP hydrolysing activities, which are closely related with the signal transduction system (Lee et al., 1989) . In cardiac myocyte, TGase C was identified to be Gh protein mediating the α1 adrenergic receptor signal to phospholipase C (Nakaoka et al., 1994) . But this activity was found to be independent of crosslinking activity of the enzyme from active-site mutant analysis.
M o r e o v e r, the TGase-gene transfected cell showed the delaying at the progression of cell cycle from S phase to G2/M phase, connoting the role of TGase in cell cycle control. But the cell cycle control activity of the enzyme was found not to be associated with its crosslinking a c t i v i t y, either. These results strongly suggested that TGase protein has another important cellular regulatory function apart from its crosslinking act ivity. Therefore, it is important to consider the role of the TGase protein in the biological phenomenon not necessarily as the crosslinker but as the non-crosslinking cellular modulator.
This additional activity of TGase as a signal transducer stimulated us to consider TGase protein as an active regulatory molecule for cell cycle and signal transduction. The latter function of the enzyme would solve many mysteries concerning its high appearance in growth factor stimulated proliferating phase, endogenous high level of expression in endothelial and smooth muscle cells, and its active role for cellular survival with drugresistence toward toxic compounds, etc, which could not be readily explained in terms of crosslinking of the proteins (Park et al., 1994) .
In conclusion, we have isolated novel brain TGases, which are different from other types of TGases in biochemical and immunological properties, and have confirmed its localization in neural cell and brain tissues. For the analysis of their physiological roles, it is required to investigate the mechanism of the enzyme with multiple functional aspects not only from macromolecular modification or stabilizing activity from its crosslinking ability, but also from signal transducing activity from GTP binding or GTP hydrolyzing property and cell cycle controlling activity.
